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Abstract. - Hydrogen maser clocks have exhibited fractional frequency 
stabilities of better than 1 x for averaging times as large as 
20,000 seconds [l]. This represents an rms time deviation of about 
20 ps for f day prediction times [2]. S-band Doppler cancellation 
frequency comparison techniques have been developed with phase stabili- 
ties of a few picoseconds [2,3]. Laser ranging systems have been 
developed with accuracies of a few cm [4]. Combining the virtues of 
these developments and choosing a satellite with an appropriate orbit 
would allow worldwide time comparisons at the subnanosecond level, and 
frequency comparison uncertainties of the order of 1 x 10-l6.  Such a 
capability would open up new horizons to the frequency standards labora- 
tories, to the VLBI community, to the Deep Space Tracking Network, and 
to fundamental time and frequency (T/F) metrology on a worldwide basis, 
as well as greatly assisting the BIH in the generation of UTC and TAI. 

Introduction. - For the ultra-accurate frequency metrologist, it would be useful 
both to have a perfect reference and also to have that reference available to 
other metrologists so that comparisons could be made with respect to the same 
reference. Though the experiments outlined in this paper do not perfectly 
achieve these goals, they allow giant steps to be taken from where we are now in 
the comparison of remote T/F standards. The culmination of these experiments 
would result in a system which would be the marriage of five very successful 
methods that have been developed in the recent past and whose individual accura- 
cies and capabilities are documented in the literature. These are: 1) the clock 
flyover experiment, originally investigated and conducted by Besson, et a1 [SI, 
and later by others [4]; 2) the subnanosecond accuracies available using reci- 
procity of laser pulses (propagation delay times in both directions are equal) 
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o f f  of r e t r o r e f l e c t o r s  [4,6]; 3) the  three-way microwave Doppler cance l l a t i an  

system o u t l i n e d  here in  r e s u l t s  i n  picosecond phase s t a b i l i t y  between remote 
l i n e - o f - s i g h t  c locks  [3]; 4) the  unpara l le led  frequency s t a b i l i t y  o f  hydrogen 

masers f o r  sample t imes i n  the  v i c i n i t y  o f  - 100 s t o  several  hours [l]; and 5) 

the  g rea t  advantage gained by us ing  s igna ls  i n  simultaneous common-view from two 

s i t e s ,  lead ing  t o  l a r g e  amounts o f  common-mode e r r o r  cance l l a t i on  i n  many i n -  

stances [7,8,9,10]. The accuracy and c h a r a c t e r i s t i c s  o f  these methods w i l l  be 

reviewed; we s h a l l  then discuss how they reasonably can be mar r ied  together  t o  

g i ve  an u l t ra -accu ra te  worldwide T/F metrology system. 

The proposed Shu t t l e  t ime and frequency t r a n s f e r  (STIFT) concept i s  i l l u s -  

t r a t e d  i n  f i g u r e  1. STIFT can be viewed as an extension o f  the  t ranspor tab le  

c lock ,  o r  c lock  f l yove r ,  method w i t h  a hydrogen maser c lock  i n  a space veh ic le .  

Time and frequency t r a n s f e r  between the  space c l o c k  and a c lock  on the  ground i s  

accomplished i n  one o f  two ways. The f i r s t  method i s  by two-way microwave t rans-  

mission i n v o l v i n g  th ree  c a r r i e r  frequencies. The CW microwave system w i l l  permi t  

a d i r e c t  frequency comparison between the space c lock  and the  ground c lock  w i t h  

an accuracy o f  f o r  sample t imes o f  t he  order 100 s and longer.  Th is  i s  a 

unique fea ture  o f  t he  STIFT system. A t ime code modulat ion can be app l i ed  on the  

microwave c a r r i e r  t o  perform t ime t r a n s f e r  w i t h  an accuracy o f  1 ns o r  b e t t e r .  

The user o f  the  system w i l l  r equ i re  a microwave ground te rmina l  l oca ted  nex t  t o  

t h e  c lock  t o  rece ive  s igna ls  from and t o  t ransmi t  back t o  the  spacecraf t .  Fur- 

t h e r ,  a method o f  i d e n t i f y i n g  unambiguously a cyc le  of t he  microwave downlink 

from the  spaceborne c lock  from o r b i t  t o  o r b i t  adds g rea t  leverage t o  the  micro- 

wave system. The few picosecond phase s t a b i l i t y  o f  t he  microwave system combined 

w i t h  the  l ong  i n t e g r a t i o n  t imes w i l l  y i e l d  frequency measurements accurate t o  the  
order o f  a p a r t  i n  

Second, the  STIFT system can accomplish t ime t r a n s f e r  w i t h  subnanosecond 

accuracy us ing  the  shor t -pu lse  l a s e r  technique i n  con junc t ion  w i th  e x i s t i n g  l a s e r  

ground s ta t i ons .  the  l a s e r  technique can a l so  be used t o  c a l i b r a t e  the  microwave 

system. The shor t -pu lse  l a s e r  method i s  t he  most accurate documented technique 

o f  t ime t r a n s f e r  a v a i l a b l e  [4]. The equipment onboard the  space veh ic le  cons is ts  

o f  a hydrogen maser c lock ,  a microwave transponder system w i t h  antenna, a corner 

r e f l e c t o r  a r ray  w i t h  photodetectors,  and an event t imer .  

A f i r s t  step implementation o f  the  STIFT system would be a demonstrat ion 

f l i g h t  on the  Space Shut t le .  The experiment would be re tu rned and cou ld  be 

re f l own  on a l a t e r  Shu t t l e  mission. I n i t i a l l y ,  Shu t t l e  missions are  l i m i t e d  t o  
a l t i t u d e s  o f  about 370 km (200 nmi), w i t h  a 57' i n c l i n a t i o n  o r b i t .  Such an o r b i t  

w i l l  p rov ide  many contac ts  w i t h  e x i s t i n g  ground s ta t i ons ,  and s u f f i c i e n t  g loba l  

coverage t o  demonstrate the  t ime and frequency t r a n s f e r  c a p a b i l i t y  o f  t he  STIFT 

method. The number o f  p a r t i c i p a t i n g  l abo ra to r ies  and users w i l l  depend on the  

l i m i t e d  number of ground te rmina ls  which can be made ava i l ab le  f o r  t he  demonstra- 

t i o n  experiment. R e d i s t r i b u t i o n  of ground te rmina ls  f o r  r e f l i g h t s  o f  t he  exper i -  

ment would pe rm i t  wider p a r t i c i p a t i o n  i n  the  experiment. 
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The next phase of the implementation program could be the deployment of 
STIFT on the Power Systems Platform, a small, unmanned space station being planned 
by the National Aeronautic and Space Administraiton (NASA). The orbit would be 
very similar to the Space Shuttle orbit because the platform will be serviced by 
the Shuttle. The main advantage would be the extended (in principle, unlimited) 
operation time which would make the STIFT system available in a quasi-operational 
mode. 

The ultimate goal is a free-flying satellite in an orbit optimized for a 
global operational system. Since the basic technology required for STIFT is 
available, one could directly implement the STIFT satellite system without demon- 
stration flights. However, making use of available Shuttle missions offers 
several advantages. The program could start at a lower initial cost and the 
reflight possibility would permit optimization of the STIFT design based on 
practical results from demonstation flights. 

The spaceborne part of the STIFT system consists of the hydrogen maser 
clock, a microwave transponder, microwave antenna, corner reflector array with 
photodetectors, and associated electronics. For Shuttle missions, the experiment 
package would be mounted on a pallet in the Shuttle bay. A deployable antenna 
may be required to obtain a clean radiation pattern. 

The ground tracks of a 57', 370 km Shuttle orbit are shown in figures 2a and 
2b for the first 16 orbital revolutions. Also shown are the visibility circles 
for selected ground terminal locations for 10' elevation limits. The following 
station locations have been included to illustrate the current study, but could 
clearly be broadened to include any ground station within a latitude of f 57': 
GSFC/Washington, DC; PTB/Braunschweig, FRG; JPL/Goldstone, CA; JPLKanberra, 
Australia; NBS/Boulder, CO; NRC/Ottawa, Canada; BIH/Paris, France; and NRL/Tokyo, 
Japan. The GSFC would be very accurately tied in time to UTC(USN0). 

The techniques to be employed have been used successfully in earlier experi- 
ments. The microwave portion of the system is similar to a system used with the 
Gravitational Redshift Probe (GPA) flown in 1976 [SI. The short-pulse laser tech- 
nique was successfully used in airborne clock experiments in 1975 which measured 
general relativisitic effects on time [4]. Because of this experience with 
previous experiments, basic new technology development is not required for the 
Shuttle experiment. The main new contribution of this paper is to show that the 
orbital elements of the Shuttle, or of a satellite, can be determined well enough 
so that the uncertainties of the relativistic effects on the spaceborne clock can 
be kept sufficiently small to allow an individual cycle of the microwave signal to 
be unambiguously identified. As will be shown, the implications of accomplishing 
this are very far-reaching. 

The current operational mode for comparison of primary standards in the U.S.  

(NBS), Canada (NRC), and West Germany (PTB) utilizes Loran-C, which suffers from 
limited global coverage and fluctuations of the ground-wave propagation delay, 
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GROUND TRACK FOR SPACELAB 0.00 TO 12.00 HOURS 
JPLG NBS-8 NRC USNO BYI PTB RRL .PLC 

-- 1 
TRACKING CRCLES - ALTITUDE 370.00 KM ELEVATION ANGLE 10.00 DEG 

Figure  2a. 

GROUND TRACK FOR SPACELAB 12-00 TO 24.00 HOURS 
JPL-G NBS-B NRC USNO BYI PTB RRL JPL-C 
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Figure 2b. 

Figures 2a and 2b. - S ix teen successive ground t r a c k s  o f  a S h u t t l e  f l i g h t  and how 
they  i n t e r c e p t  var ious key t i m i n g  centers .  It i s  i n t e r e s t i n g  t o  n o t  t h a t  PTB has 
s i x  successive passes, e.g., a sinewave o s c i l l a t o r  spends most of  i t s  t ime a t  t h e  
extremes. 
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making the  system p r a c t i c a l l y  incompat ib le w i t h  requirements o f  h igh-prec is ion  
standards l abo ra to r ies  and t i m e  services.  Other l abo ra to r ies  are i n te res ted  i n  

the  accuracy c a p a b i l i t i e s  o f  pr imary frequency standards, e i t h e r  d i r e c t l y  o r  

i n d i r e c t l y ,  b u t  adequate means f o r  i n t e r n a t i o n a l  frequency comparison do no t  

e x i s t  a t  the s ta te -o f - the -a r t  accuracy o f  the  standards themselves. Other tech- 

niques o f  accurate t ime t r a n s f e r  have been tes ted  exper imental ly o r  are planned 

f o r  implementation i n  the fu tu re .  A performance comparison o f  ava i l ab le  and 

planned methods, i nc lud ing  the  proposed Shu t t l e  experiment (Shu t t l e  Time and 

Frequency Transfer Experiment, STIFT)  i s  shown i n  t a b l e  I .  The f o l l o w i n g  d e f i n i -  

t i o n s  apply t o  the  tab le .  Inaccuracy i s  expressed r e l a t i v e  t o  a p e r f e c t  po r tab le  

c lock .  S t a b i l i t y  i s  the  measure o f  t ime v a r i a t i o n s  over the course o f  the  meas- 

urement ( i . e . ,  r e l a t e d  t o  the  phase s t a b i l i t y  o f  the  measurement system w i t h  

sampling i n t e r v a l s  and length  o f  data determined by the  method). Cost- 

e f fec t i veness  i s  the  product o f  inaccuracy and user cos t  d o l l a r s  ( i n  mega-dol lar 

nanoseconds), o f  course, the  smal ler  the  number the  be t te r .  The 24-hour frequency 

accuracy i s  der ived  from t i m e  s t a b i l i t y  over 24 hours, which determines the  

accuracy o f  absolute remote frequency comparison f o r  t h a t  sample t i m e .  Though 

many o f  the  numbers represent a n t i c i p a t e d  performance, i t  i s  be l ieved t h a t  they 

are  w e l l  w i t h i n  an order o f  magnitude o f  what i s  feas ib le .  Where app l icab le ,  the  

f i gu res  i n  the  t a b l e  I are rms values. As can be seen, the  ST IFT  experiment 

looks extremely a t t r a c t i v e ,  when compared w i t h  o ther  techniques. 

Microwave System. - A b lock  diagram o f  the  microwave system i s  shown i n  f i g u r e  3. 

The key fea ture  o f  the  system i s ,  f o r  t ime dura t ions  longer than the  s igna l  

round- t r i p  t ime, t h a t  we ob ta in  s i g n i f i c a n t  cance l l a t i on  o f  several e f f e c t s  

i n c l u d i n g  the  f i r s t - o r d e r  Doppler e f f e c t  i n  the  frequency comparison loop. The 

ground c lock  s igna l  i s  f i r s t  t ransmi t ted  t o  the  spacecraf t  and transponded back 

t o  the  ground te rmina l  t o  ob ta in  the  two-way Doppler s h i f t ,  which i s  d i v ided  by 

two t o  generate the  one-way Doppler s h i f t ,  which i n  t u r n  i s  subtracted from the  

one-way space c lock  downlink s igna l .  The r e s u l t i n g  beat s igna l  a t  the  ou tpu t  of  

the  mixer i s  the  frequency d i f f e rence  between the  two clocks w i t h  the  f i r s t - o r d e r  

Doppler s h i f t  removed. This process cancels propagat ion v a r i a t i o n s  i n  the  iono- 

sphere. I n  add i t i on ,  t h i s  process cancels t ropospher ic  delay,  assuming rec ip roc-  

i t y .  The S-band transmission frequencies shown are those used w i t h  the  Grav i ta -  

t i o n a l  Probe A.  The th ree  frequencies were se lec ted  t o  compensate f o r  ionospher ic 

dispersion. A s ing le  antenna i s  used a t  the  spacecraf t  and a t  the ground s t a t i o n  
f o r  t ransmission o f  the  th ree  microwave l i n k s .  

The frequency t r a n s f e r  uses the  phase in fo rmat ion  o f  t he  CW phase-coherent 

c a r r i e r  s igna ls .  Time t r a n s f e r  i s  accomplished by modulat ion o f  the  c a r r i e r  

s igna ls .  The t ime code generated by the  space c lock  i s  modulated on the  c lock  

downlink and compared w i t h  the  t ime code o f  the ground clock.  The one-way propa- 

ga t i on  delay, needed as co r rec t i on  f o r  t ime t r a n s f e r ,  i s  obtained from the  range 
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Figure 3. - The STIFT microwave system showing t h e  appropr ia te ly  chosen frequencies 
f o r  ionospher ic  de1a.y c o r r e c t i o n  and a lso  t h e  modulat ion system f o r  a l l  weather ns 
t ime t r a n s f e r .  
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measurement accomplished by PRN phase modulat ion o f  t he  transponded l i n k s .  The 

t ime d i f f e rence  between the  two c locks  i s  der ived  from the  delay o f  t he  two t ime 

codes. 

One important ob jec t i ve  i s  the  development o f  a low-cost, simple ground 

te rmina l  t h a t  can be a f fo rded by a l a rge  number o f  users o f  an opera t iona l  STIFT 

system. 

Laser System. - The shor t -pu lse  l a s e r  technique i s  the  most accurate documented 

l i n e - o f - s i g h t  method o f  t ime t r a n s f e r  [Z]. E x i s t i n g  l ase r  ground s ta t i ons  can 
use STIFT f o r  subnanosecond t ime t r a n s f e r  i f  they are equipped w i t h  an atomic 

c lock  and an event t imer .  Because o f  the  higher accuracy, the  short-pulse l a s e r  

technique can serve as a c a l i b r a t i o n  t o o l  f o r  t he  microwave t ime t rans fe r .  It 

should a l so  prov ide  i n t e r e s t i n g  data on microwave versus l ase r  propagat ion through 

the  atmosphere. Using t h i s  technique, n e i t h e r  the  r e l a t i v e  v e l o c i t y  nor the  

d is tance between space veh ic le  and ground s ta t i ons  enters i n t o  the  c lock  compari- 

son. 

The l a s e r  ground s t a t i o n  t ransmi ts  sho r t  l a s e r  pulses which are  re tu rned by 

the  corner r e f l e c t o r  a r ray  on the  space veh ic le .  The r e f l e c t o r  a r ray  i s  equipped 

w i t h  photodiodes t o  de tec t  t he  a r r i v a l  o f  t he  l a s e r  pulses.  The a r r i v a l  t ime t', 

o f  the  pulses i s  measured i n  the  t ime frame o f  the  onboard c lock  by the  event 

t imer .  Th is  i n fo rma t ion  i s  telemetered t o  the  l a s e r  ground s t a t i o n  which measures 

the  t ime o f  t ransmission, tl, and recept ion,  t, o f  the  l a s e r  pulse.  From t h i s  

data, the  t ime d i f f e rence  between the  space c lock  and the  ground c lock  can be 

determined w i t h  an accuracy o f  1 ns o r  b e t t e r .  

Picosecond Timing from Microwave Cycle I d e n t i f i c a t i o n .  - There i s  no convenient 

way t o  d i v i d e  down from the  S-band s igna l  and r e t a i n  an unambiguous i d e n t i t y  o f  a 

p a r t i c u l a r  cyc le  o f  the  microwave s igna l .  However, picosecond phase measurements 

can be made i f  the  c locks ,  t he  medium, and the  ephemeris e r r o r s  a re  known w i t h  

s u f f i c i e n t l y  small unce r ta in t i es .  I n  t h i s  case, it i s  poss ib le  t o  reso lve  a 

p a r t i c u l a r  cyc le  from one o r b i t  o f  the  Shu t t l e  t o  the  nex t  o r  from one s i t e  t o  

another. Once a p a r t i c u l a r  cyc le  has been i d e n t i f i e d ,  we can use i t s  phase o r  

zero c ross ing  f o r  t i m i n g  on a reproduc ib le  basis.  When t h i s  i s  accomplished, t he  

STIFT experiment becomes the  most p rec i se  o f  any o f  the  i n t e r n a t i o n a l  methods o f  

T/F comparisons being considered. The bas ic  l i m i t  o f  t h i s  method i s  t he  repro- 

d u c i b i l i t y  and s t a b i l i t y  o f  the  microwave system, which has been p rev ious l y  
documented t o  be a t  t he  1 t o  10 ps l e v e l  f o r  i n t e g r a t i o n  t imes o f  the  order o f  

the  Shu t t l e  o r b i t  pe r iod  [%I. If the  10 ps l e v e l  o f  s t a b i l i t y  can be main ta in ted  

over a day o r  longer-and the re  i s  good evidence t h a t  t h i s  can be done-then one 

can make frequency comparisons o f  1 p a r t  i n  loi6 o r  b e t t e r  a t  one day o r  longer 

w i t h  t h i s  method. 
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The period of the downlink microwave signal is 454 ps. Therefore, one would 
like to keep rms errors well below 1 radian at that frequency, which would be 
72 ps, in order to resolve a particular cycle. The contributions to that uncer- 
tainty are represented as the root-sum-square (rss) of terms in the following 
equation where the first term is due the relativistic uncertainties from the 
errors in the ephemeris determination of the orbiting clock. The second term is 
due to the random uncertainties of time predictability of the onboard clock 
itself and the last term results from uncertainties in the overall delay from the 
space clock to the ground clock. 

%ss = [ q l t v .  + T l o c k  + q e l a y  1 %  
We have investigated the uncertainties in the ephemeris determination given 

the ideal case of a satellite in freefall and being ranged with the laser system 
and/or alternatively with the microwave-integrated Doppler technique. The uncer- 
tainties in orbit determination for the freefall condition compared favorably 
with those for GEOS-3 [11,12]. The errors for the Shuttle experiment were esti- 
mated to be about 15 ps (see below). To account for Shuttle drag, solar pressure, 
and space maneuvers, it will be assumed that an onboard inertial guidance system 
is available to monitor non-gravitational accelerations. Such accelerations can 
be used to compute perturbations in the free-fall orbit. Peak uncertainties due 
to these perturbations are estimated to be about 35 meters for the 1% hour Shuttle 
orbits [13]. Clearly, all of the terms will be dependent on the integration 
time, which may range from 1% hours to 24 hours for various experiments. Taking 
the case of the Shuttle period o f  1% hours, a 35 meter peak ephemeris error would 
lead to about 13 ps rms uncertainty in the gravitational red shift effect. The 
velocity determination uncertainty is of the order of about 2 cm/s, which would 
yield an uncertainty in the second-order Doppler effect of less than 1 ps over 
that same integration time. Figure 4 shows the rms time dispersion time charac- 
teristics of the hydrogen maser and of the microwave system as transformed from 
the stability data shown in figure 5; one observes about 9 ps rms error for a 
hydrogen maser clock after 1% hour integration time. 

The absolute delay from the last term in equation (1) cannot be known with 
an accuracy of less than 72 ps (except perhaps with the laser ranging system), 
but the stability of the microwave measurement system makes reproducibility 
possible at an accuracy level of about 10 ps over the 14 hour integration time 
(see figure 4). Hence, one knows that the total path delay is an integral number 
of cycles of the microwave signal and, using modular arithmetic, one can deduce 
rather than measure the delay, and hence identify a particular cycle of the 
microwave signal. In other words, we can predict the Shuttle clock time to an 
rms level of about 18 ps from the previous pass to the current one with respect 
to the ground clock time using our estimates of the Shuttle ephemeris. We obtain 
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Figure 4. - An estimate of the rms prediction error of the microwave system and 
of the hydrogen maser calculated from the frequency stability data in Fig. 5. 

NASA SPACE SHUTTLE EXPERIMENT 

Figure 5. - A comparison of the fractional frequency stability (square root o f  
the Allan variance) for a variety of sampling times. The dates given be each 
curve indicate when the stabilities were determined or when their determination 
is anticipated. The Loran-C data is for ground-wave transmissions. The microwave 
pulse and laser pulse systems are projected stabilities from previously obtained 
results. I t  is interesting that the maser has its best stability for the orbit 
period of the Shuttle. 
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from the  previous measurement, a t i m e  d i f f e rence  and a delay f a c t o r .  Using these 

measures, we c a l c u l a t e  the  cu r ren t  p red ic ted  t ime d i f f e rence  and delay value and 

compare it w i t h  what i s  measured. This comparison d i f f e rence  i s  an i n tege r  

m u l t i p l e  o f  the  microwave p e r i o d  p l u s  an e r r o r  i n  p r e d i c t i o n  p l u s  the  i n s t a b i l i -  

t i e s  i n  the  microwave system, which t h i s  paper shows can be kept w e l l  below the  

72 ps level-thus a l l ow ing  us t o  ca l cu la te  the  above in tege r .  Knowing t h i s  

i n tege r  a l lows us t o  remeasure the  t ime d i f f e rence  o f  the  Shu t t l e  c lock  w i t h  

respec t  t o  the  ground c lock  l i m i t e d  on ly  by the  i n s t a b i l i t i e s  i n  the  microwave 

system. The tremendous leverage gained by t h i s  technique i s  obvious and would 

a l l ow  i n t e r n a t i o n a l  t ime and frequency comparisons a t  super-accurate l eve l s .  The 

ground s t a t i o n  would requ i re  bo th  a c lock  w i t h  s i m i l a r  low t ime dev ia t i on  fo r  t he  

i n t e g r a t i o n  t ime o f  i n t e r e s t ,  as w e l l  as a microwave s t a t i o n .  We have plans t o  

develop such a s t a t i o n  so t h a t  i t  i s  economical ly f e a s i b l e  f o r  several  o f  these 

t o  e x i s t  a t  key l oca t i ons  around the  globe. 

F igure  5 shows an o v e r a l l  f r a c t i o n a l  frequency s t a b i l i t y  comparison o f  some 

standards and comparison methods re levan t  t o  the  STIFT a c t i v i t y .  The n e t  e f f e c t  

o f  microwave cyc le  i d e n t i f i c a t i o n  on t h i s  p l o t  i s  t o  cont inue "SA0 CW System 1976 

Redshi f t ' '  curve going down nominal ly as t - l  from where i t  ends on the  r i g h t .  

F r e e f a l l  O r b i t  Determination. - We nex t  discuss the  accuracy w i t h  which the  

Shu t t l e  ephemerides can be determined. Assuming t h a t  nongrav i ta t i ona l  accelera- 

t i o n s  o f  t he  S h u t t l e  can be monitored, we are  here p r i m a r i l y  i n t e r e s t e d  i n  g rav i -  

t a t i o n a l  and o ther  systemat ic e f f e c t s .  The g r a v i t y  model GEM 10 [11,12] incorpor -  

a tes  surface g r a v i t y  data and represents one o f  t he  bes t  a v a i l a b l e  models f o r  the  

g r a v i t y  f i e l d  experienced by the  Shu t t l e ,  which i s  i n  a r e l a t i v e l y  low o r b i t .  

Model GEM 10 i s  chara ter ized  by the  presence o f  a l a rge  number o f  h igher  harmonics 

( o f  degrees 10 t o  20) i n  the  p o t e n t i a l ,  whose c o e f f i c i e n t s  have f r a c t i o n a l  uncer- 

t a i n t i e s  o f  approximately 0 . 1  t o  0.3. 

Evaluat ions o f  t he  GEM 10 model f o r  p r e d i c t i n g  the  o r b i t  o f  GEOS-3, a space- 

c r a f t  w i t h  an a l t i t u d e  o f  about 840 km, showed t h a t  t he  spacecra f t  p o s i t i o n  cou ld  

be p red ic ted  t o  w i t h i n  about two o r  t h ree  meters. However, t h i s  requ i red  r e f i n e d  

modeling which inc luded luna r  and s o l a r  t i d a l  g r a v i t a t i o n a l  per tu rba t ions ,  s o l a r  

r a d i a t i o n  pressure on the  s a t e l l i t e ,  p o l a r  motion, U T 1  data, ocean t i d e s ,  and 

s o l i d  e a r t h  t i des ;  the  p r e d i c t i o n  unce r ta in t y  r e f l e c t s  numerous e r r o r s  besides 
ephemeris e r ro rs .  

For a S h u t t l e  i n  an o r b i t  o f  370 km a l t i t u d e ,  unce r ta in t i es  i n  h igher  har- 

monics o f  t he  g r a v i t a t i o n a l  f i e l d  o f  t he  e a r t h  cou ld  be expected t o  con t r i bu te  

two o r  t h ree  t imes the  unce r ta in t i es  they con t r i bu te  t o  the  GEOS-3 o r b i t  p red ic -  

t i o n .  Thus, us ing  GEM 10, one would n o t  expect p red ic ted  o r b i t  pos i t i ons  t o  be 

i n  e r r o r  by more than about 10 meters; i f  high-accuracy t r a c k i n g  data i s  ava i l ab le  

from many s ta t i ons  d i s t r i b u t e d  about the  e a r t h ' s  surface, t h i s  f i g u r e  cou ld  be 

s i g n i f i c a n t l y  reduced. The 10 meters t rans form i n t o  a c lock  e r r o r  o f  on l y  8 ps 
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for a Shuttle orbit. 
poses o f  this paper. 

We have taken a conservative 2a limit of 16 ps for the pur- 

Relativistic Corrections to Satellite Clock Time. - We adopt the point of view 
that the center of mass o f  the earth, as it falls freely in the gravitational 
field o f  the sun, provides an origin for a local, nonrotating, inertial frame, 
and that a worldwide network of coordinate clocks synchronized in such a refer- 
ence frame is our objective [14]. The presence of the earth itself and the 
location of standard time and frequency labs on the surface of the rotating earth 
require that clocks in motion in the local frame must have relativisitic cor- 
rections applied to them in order to obtain readings of "coordinate time" in the 
local inertial frame. The corrections for the satellite clock relative to a 
clock on the geoid have been derived elsewhere ( e . g . ,  Ashby and Allan, 1979) 
[14], and are given by 

path - 

where ds is the increment of proper time elapsed on the standard clock, v is the 
velocity o f  the satellite with respect to the local inertial frame, V is the 
gravitational potential due to the earth's mass, and V is the effective gravi- 
tational potential of a point at rest on the geoid, including the effects due to 
rotation. 

0 

The expression for V is 

where r is the distance of the satellite from the earth's center, a, i s  the 
earth's equatorial radius, 0 is the colatitude, and J, is the quadrupole moment 
coefficient of the earth. Also, 

GM 
V = 2 [l + 
0 a, J2]- $ w e  a$ (4) 

where we is the angular rotational speed of the earth. 
GM,, a,, J,, and we are given in table 11. 

Values of the constants 
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Table 11. - Values o f  Useful  Constants 

u r o t a t i o n a l  angular v e l o c i t y  o f  the  ea r th  

J,, quadrupole moment c o e f f i c i e n t  f o r  e a r t h  

GM,, e a r t h ' s  mass t imes g r a v i t a t i o n a l  constant 
= 3.9860045 f 0.0000002 x lOI4 m3/s2 [l5] 

ax,  equa to r ia l  rad ius  o f  the  ea r th  
= 6.378140 x lo6 m. 

e '  = 7.292115 x rad/s 

= 1.08263 x 

The value o f  V0/$ obtained from these constants i s  

V 0 / G  = -6.9692815 x lO-'O . 

I f  the  quadrupole term were neglected, an e r r o r  o f  about 4 x would be 

The r e l a t i v i s t i c  co r rec t i ons  can then, w i t h  the  neg lec t  o f  t he  quadrupole 

c o r r e c t i o n  terms, be expressed exac t l y  i n  terms o f  t he  o r b i t a l  elements as fo l lows: 

introduced. 

where AE i s  the  change i n  eccen t r i c  anomaly, and A t  i s  t he  change i n  the  coordin- 

a t e  t ime. 

Using the  r e l a t i o n  between the  eccen t r i c  anomaly and coord ina te  t ime, the  

change i n  eccen t r i c  anomaly i s  

AE = eA(sin E) + n(At) ( 6 )  

where A(s in  E) = s i n  Efina, 

eccen t r i c  anomaly. Then the  r e l a t i v i s t i c  c o r r e c t i o n  can a l so  be expressed as 
- s i n  Einitial i s  t he  change i n  the  s ine  o f  the  

We now examine t h e  s e n s i t i v i t y  o f  t h i s  co r rec t i on ,  t o  e r r o r s  i n  each o f  the  

parameters on which i s  depends. I f  the  elapsed coordinate t ime, A t ,  can be 
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determined t o  + 1 ms, then the  unce r ta in t y  i n  the  l a s t  term, VoAt/c2, i s  l ess  

than a picosecond. We s h a l l  assume t h a t  GMe i s  a known q u a n t i t y  having the  value 

g iven i n  t a b l e  11. The e f f e c t  o f  an e r r o r ,  6(GMe), on the  c a l c u l a t i o n  o f  the  

r e l a t i v i s t i c  co r rec t i on ,  Atrltv, may be est imated by c a l c u l a t i n g  the  f o l l o w i n g  

quan t i t y :  

The unce r ta in t y  i n  GMe i s  

6GMe E 2 x lo7 m2/s3 . (9) 

The o r b i t  e c c e n t r i c i t y  i s  t y p i c a l l y  very small ;  us ing  e = 0.003, o r b i t  a l t i t u d e  = 

360 km, A t  = 5500 s f o r  one o r b i t ,  t he  e r r o r  i n  the  c o r r e c t i o n  becomes approxi-  

mately 

Z 4.94 x 1O-l' A t  

E 0.27 ps 

+ 8.66 x 1O-l' A(s in  E)  

Such a small unce r ta in t y  may sa fe l y  be neglected. 

The e f f e c t  o f  e r r o r s  i n  the  knowledge o f  t he  o ther  parameters appearing on 

the  r i g h t  s ide  o f  equat ion (7) may s i m i l a r l y  be est imated by d i f f e r e n t i a t i n g  w i t h  

respec t  t o  the  appropr ia te  quan t i t y .  We then f i n d ,  f o r  a Shu t t l e  o r b i t  o f  a l t i -  

tude 370 km and e c c e n t r i c i t y  0.003, t h a t  an unce r ta in t y  o f  10 m i n  semi-major 

a x i s  con t r i bu tes  an unce r ta in t y  o f  about 8 ps per  revo lu t i on ;  an unce r ta in t y  o f  

i n  e con t r i bu tes  about 2.4 ps, and an unce r ta in t y  i n  A t  o f  1 ins con t r i bu tes  

1 .6  ps. 

There are two add i t i ona l  small  e f f e c t s  which m e r i t  some discussion. F i r s t ,  

t he  s l i g h t l y  non-spher ical  mass d i s t r i b u t i o n  o f  t he  ea r th  gives r i s e  t o  h igher  
m u l t i p o l e  con t r i bu t i ons  t o  the  g r a v i t a t i o n a l  p o t e n t i a l .  The l a r g e s t  o f  these i s  

t he  e a r t h ' s  quadrupole moment, which gives a p o t e n t i a l  approximately a f a c t o r  o f  

smal le r  than the  p r i n c i p a l  monopole term. The g r a v i t a t i o n a l  r e d s h i f t  on a 

s a t e l l i t e  c lock  due t o  t h i s  t e r m  depends on the  o r b i t  i n c l i n a t i o n ,  p o s i t i o n  of 

per igee, and i n i t i a l  and f i n a l  longi tudes. An est imate o f  t he  quadrupole poten- 

t i a l ' s  e f f e c t  on an equa to r ia l  o r b i t  a t  an a l t i t u d e  o f  360 km i s  s u f f i c i e n t  t o  

show t h a t  the  ne t  e f f e c t  i s  q u i t e  small .  For one o r b i t a l  revo lu t i on ,  the  requ i red  
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c o r r e c t i o n  due t o  the  quadrupole p o t e n t i a l  i s  about 2 ns. Th is  i s  a systemat ic 

e f f e c t  which can be modeled q u i t e  accura te ly .  Even i f  on ly  the  quadrupole term i s  

re ta ined ,  t he  e r r o r  i n  es t imat ion  o f  t h i s  e f f e c t  i s  on l y  about 5 p a r t s  i n  l o 4  o f  

t h e  e f f e c t  i t s e l f ,  and hence, i s  about 1 ps o r  less.  

Second, the  process o f  synchronizat ion o f  t he  s a t e l l i t e  c lock  w i t h  a ground 

s t a t i o n  by means o f  t ransmission o f  e lectromagnet ic s igna ls  cannot be thought o f  

s imply i n  terms o f  E i n s t e i n  synchronizat ion and, s ince the  ea r th  i s  r o t a t i n g  w i t h  

respec t  t o  the l o c a l  i n e r t i a l  frame, a r e l a t i v i s t i c  c o r r e c t i o n  must be included. 

I f  tA i s  the  coordinate t ime o f  emission o f  a synchroniz ing s igna l  from the  

ground s t a t i o n  a t  p o s i t i o n  t,, t i  i s  the  t ime o f  a r r i v a l  o f  the  s igna l  a t  t he  

s a t e l l i t e  a t  p o s i t i o n  ;A, Ze i s  the  angular v e l o c i t y  o f  t he  ear th ,  and T, i s  the  
t o t a l  round t r i p  t ime o f  the  s igna l  as measured on the  ground s t a t i o n  c lock ,  then 

(Ashby and A l l an ,  1979) [14] 

t '  = t + 2 1 T, + 7 ''e 
A A  

The c o r r e c t i o n  t e r m  depends on the  angles between the  angular v e l o c i t y  vec tor ,  
-t l-t + ue, and the  vec tor  area, br = - r x rA,, o f  the  t r i a n g l e  enclosed by the  rad ius  

v e c t v s  t o  the  p o s i t i o n s  o f  the  ground s t a t i o n  and the  s a t e l l i t e .  For obser- 

v a t i o n  o f  t he  s a t e l l i t e  w i t h i n  an acceptance cone o f  10' o r  g rea ter  e leva t i on ,  

and f o r  a s a t e l l i t e  a l t i t u d e  o f  h = 360 km, the  magnitude o f  the  area, A, i s  a t  

most 7 rA(rA + h) s i n  11.2' = 4.17 x106/km2, wh i l e  2 ue/c2 = 1.6227 x ns/km2. 

Thus, i f  the  ground s t a t i o n  i s  a t  a l a t i t u d e  o f  40°, the  c o r r e c t i o n  i s  o f  maximum 

magnitude, 5.2 ns. By choosing the  i n s t a n t  o f  synchronizat ion c lose  t o  t h a t  

du r ing  which the  s a t e l l i t e  and the  ground s t a t i o n  l i e  i n  the  same north-south 

plane, so t h a t  the  angle between d and Ze i s  c lose  t o  90°, t he  c o r r e c t i o n  can be 

made very much smal ler .  This c o r r e c t i o n  i s  a l so  systemat ic and can be computed 

t o  a h igh  accuracy i n  a s p e c i f i c  app l i ca t i on .  I n  t h i s  example, an e r r o r  o f  100 m 
i n  the  knowledge o f  t he  a l t i t u d e  o f  the  s a t e l l i t e  would in t roduce an e r r o r  i n t o  

t h e  computation o f  t h i s  c o r r e c t i o n  t o  E i n s t e i n  synchron iza t ion  of 0.2 ps a t  most. 

Other t ime t r a n s f e r  processes, such as by means o f  s igna ls  from the  s a t e l l i t e  t o  

the  ground and back, i nvo l ve  e r r o r s  o f  comparable magnitude. 

For a s a t e l l i t e  i n  a h igh  o r b i t ,  t he  unce r ta in t i es  i n  p red ic ted  p o s i t i o n  

a r i s i n g  from u n c e r t a i n t i t e s  i n  the  g r a v i t y  model should be s i g n i f i c a n t l y  reduced. 

F igure  6 shows the  o r b i t  o f  a s a t e l l i t e  o f  12-hour pe r iod  p ro jec ted  on the  e a r t h ' s  

surface. The o r b i t  i s  near ly  equa to r ia l ;  t he  o r b i t  parameters are: semi-major 

ax i s ,  a = 26,610 kin; i n c l i n a t i o n ,  I = 0 . 5 O .  I n t e r s e c t i o n  w i t h  observat ion cones, 

o f  10' e leva t ion  angle, from NBS and USNO are  shown. The shaded area i s  t he  area 

w i t h i n  which the  s a t e l l i t e  may be rece ived simultaneously from NBS and USNO. We 

have c a r r i e d  ou t  a worst-case systemat ic e r r o r  ana lys is  o f  the  sate1 l i t e  o r b i t  

de termina t ion  problem f o r  t h i s  s a t e l l i t e ,  assuming t h a t  t he  g r a v i t y  f i e l d  can be 

2 A  

1 
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modeled accura te ly  by a s i n g l e  term i n  t h e  p o t e n t i a l .  Assuming l a s e r  r e t r o r e f l e c -  

t o r  t r a c k i n g  da ta  o f  2 cm accuracy are  a v a i l a b l e  from b o t h  NBS and USNO, t h e  

r e s u l t i n g  e r r o r s  i n  Atrltv a re  l e s s  than 1 ps. One may a lso  use i n t e g r a t e d  

Doppler t r a c k i n y  w i t h  t h e  microwave system; i n  t h i s  case, e r r o r s  i n  t h e  determin- 

a t i o n  o f  Atrltv a re  even less.  
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Figure  6. - P r o j e c t i o n  o f  s a t e l l i t e  o r b i t  on t h e  e a r t h ' s  sur face f o r  an e q u a t o r i a l  
o r b i t  o f  12-hour per iod ,  I = 0.5O, and i n t e r s e c t i o n  w i t h  observat ion cones, o f  
10' e l e v a t i o n  angle, from NBS and USNO. The shaded area i s  t h e  area w i t h i n  which 
t h e  s a t e l l i t e  may be received s imul taneously  from NBS and USNO. The p r o j e c t i o n  
o f  t h e  o r b i t  l i e s  p r a c t i c a l l y  on t o p  o f  t h e  equator. 

Plans and Conclusions. - The STIFT concept w i l l  a l l o w  worldwide t ime and frequency 

comparisons and/or measurements a t  o r  below 1 ns and 1 x 10-14, respec t ive ly .  I n  

a d d i t i o n ,  i f  unique i d e n t i f i c a t i o n  o f  a c y c l e  o f  the  2.2 GHz downlink frequency 

can be made, then i t s  phase can be used f o r  t iming.  Nominal ly, t h i s  would y i e l d  

10 ps t i m i n g  p r e c i s i o n  and 1 x frequency measurements and comparisons. As 

has been shown i n  t h e  t e x t ,  t h i s  can be accomplished i f  t h e  rms e r r o r  o f  t h e  

S h u t t l e  o r  s a t e l l i t e  c l o c k  t ime can be kept  below t h e  l i m i t  o f  about 72 ps (1 

radian) .  There are  t h r e e  sources c o n t r i b u t i n g  t o  t h i s  rms e r r o r :  1) f o r  t h e  1% 
hour S h u t t l e  o r b i t  per iod ,  t h e  random u n c e r t a i n t y  due t o  t h e  S h u t t l e  c l o c k  i t s e l f  

i s  about 9 ps; 2) t h e  r e l a t i v i s t i c  u n c e r t a i n t i e s  a r i s i n g  from u n c e r t a i n t i e s  i n  

t h e  f r e e - f a l l  S h u t t l e  o r b i t  determinat ion are  wors t  case about 16 ps rms; and 3) 

t h e  same u n c e r t a i n t i e s  a r i s i n g  from o r b i t a l  per tu rba t ions  due t o  s o l a r  pressure, 
drag, maneuvers, e t c .  as would be est imated from an onboard i n e r t i a l  guidance 

system are  about 13 ps. The root-sum-square o f  t h e  above leads t o  an o v e r a l l  

S h u t t l e  c l o c k  t ime u n c e r t a i n t y  o f  22 ps, which i s  n i c e l y  below t h e  72 ps l i m i t .  
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Knowing the Shuttle clock time with this level of uncertainty allows us to cal- 
culate the delay from pass to pass, since it is modulo one cycle of the carrier 
(15 cm or 454 ps) to a level which is only limited by the instabilities in the 
microwave system-approximately 10 ps or 3 mm. 

With the ability to use the microwave system for timing at the few pico- 
second level on a world wide basis, a whole set of new experimental opportunities 
open up both in terms of experiments involving accurate time metrology as well as 
in accurate frequency metrology on an international basis. In addition, it 
relieves the need to have a laser ranging system to do subnanosecond timing 
except as may initially be needed at some sites, as a calibration check and for 
special propagation studies. If the time stability of the STIFT microwave meas- 
urement system persists at about the 10 ps level, and there is good indication 
that it will, then the STIFT approach would allow one to make worldwide frequency 
comparisons with an uncertainty of about 1 x 10-l6 for one day, 1 x 10-17 for 10 
days, etc. This opens up opportunities for studying with much greater accuracy: 
special and general relativistic effects, changes in some of the fundamental 
constants, etc. In addition, VLBI stations could reference the same frequency 
standard and thus have the same coherent source to within a few picoseconds at 
each station, which could greatly enhance radio astronomy data reduction. 

We plan to do more work on the analysis of errors in the determination of 
relavistic effects on coordinate time at the picosecond level. In particular, we 
intend to examine more carefully the effects of non-gravitational accelera- 
tions due to atmospheric drag and space maneuvers, which perturbs the free-fall 
satellite orbit, as well as contributions to uncertainties in the satellite 
ephemeris due to uncertainties in modeling the gravity field. Versatile software 
packages have been developed which will allow us to consider any variety of 
sites, orbit inclinations, eccentricities, and altitudes. We anticipate that the 
STIFT experiments would be flown in the '85 or '86 time frame and we have received 
indications from several principal timing centers that they would like to partici- 
pate in the experiments. 
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